• High frequency STN DBS resulted in transient circling contralateral to the lesion.
Introduction
Subthalamic nucleus (STN) deep brain stimulation (DBS) is an effective treatment for the motor symptoms of Parkinson's disease (PD) [19] , but the mechanisms of action of DBS remain unclear. The unilaterally-6-OHDA-lesioned rat model of PD is commonly used in DBS studies [25, 20] , and methamphetamine-induced circling behavior is used to quantify effects of DBS [15, 5] . Administration of methamphetamine in unilaterally-lesioned rats results in circling ipsilateral to the lesion [28] , and STN DBS reverses this behavior, depending on the amplitude, frequency, pattern and location of stimulation [24, 13, 26, 14] .
In the course of our experiments, we observed a transient behavioral effect of STN DBS − rats sharply reversed the direction of circling at the onset of high frequency stimulation, exhibiting a brief bout of circling contralateral to the lesion. Prior studies averaged the behavioral and neuronal effects of DBS across time [1, 22, 17] , and did not consider transient changes at the onset of DBS. Therefore, we quantified this transient behavioral effect of DBS as a function of stimulation frequency, and analyzed single unit neuronal activity from the basal ganglia to determine the neuronal basis for transient contralateral circling. Such timedependent changes in behavior and neural activity may shed light on the differential time-dependent effects of STN DBS on symptoms in persons with PD [27, 10, 8, 2] .
Methods

Implantation of stimulating and recording electrodes
We conducted stereotactic surgery in Long Evans rats (250 g-300 g, n = 11) under 2% isoflurane anesthesia using coordinates from the rat brain atlas [30] . All animal care and experimental procedures were approved by the Duke University Institutional Animal Care and Use Committee. Each rat was implanted with a 2-by-2 platinum-iridium stimulating microelectrode array (impedance of 10 k ) in the STN [A 3.6 mm from bregma; L 2.6 mm; H 6.6-6. After one week of recovery, rats were again anesthetized with 2% isoflurane, and a unilateral lesion of the substantia nigra pars compacta (SNc) was made by infusing 10 l of 6-OHDA (10 mM) into the MFB at a rate of 2 l/min. Thirty minutes prior to lesioning, rats were pretreated with 50 mg/kg, i.p., pargyline (Sigma-Aldrich) to inhibit monoamine oxidase and 5 mg/kg, i.p., desipramine (SigmaAldrich) to protect noradrenergic neurons. Rats recovered for one week before commencing behavioral experiments. All of the rats used in this study were also used in other studies: So et al., 2012-7 out of 16 rats; McConnell et al., 2012-11 out of 13 rats; [14] -10 out of 11 rats. Only rats that had recording electrodes within GPe and/or SNr as confirmed with post-mortem histology were included in the present study, as these animals provided both behavioral and electrophysiological data.
Quantifying effects of DBS on methamphetamine-induced circling
Changes in behavior during different frequencies (10-260 Hz) of STN DBS were quantified using methamphetamine-induced circling in 11 rats. During each experiment, the rat was administered methamphetamine (1.25-1.875 mg/kg, i.p.) and placed in a dark 30-cm-diameter cylindrical chamber equipped with an infrared video camera that recorded the rat's activity for two hours. During this time, bipolar stimulation (range: 30-90 A; mean ± SD: 60.9 ± 6.8 A) was delivered between two electrodes on the array, with at least one of the electrodes confirmed on post-mortem histology to lie within the STN. The amplitude of stimulation was determined before the start of each experiment based on sustained motor responses (decreased ipsilateral turning, increased contralateral turning, increased activity, and increased rearing) and the lack of side effects including involuntary muscle contractions of the limbs and neck during 130 Hz stimulation. Stimulation was delivered in four blocks of ten different stimulation frequencies, with presentation order randomized within each block. One minute epochs of stimulation were delivered with two minutes off between epochs. The angular velocity was sampled at 30 Hz (Clever Systems Inc., Reston, VA) and a 100 point smoothing filter was applied. Transient responses were defined as the behavioral changes measured during the first 15 s after DBS onset, while steady state responses were defined as the behavioral changes measured between 15 s and 60 s after DBS onset. The demarcation between transient and steady state responses was determined from plots of angular velocity as a function of time during 130 Hz DBS (Fig. 1, inset) , which showed that the transient behavioral effects lasted on average approximately 15 s.
Recordings and analysis of single unit activity in the basal ganglia
Single unit neural activity was recorded in 11 rats while the rats were awake and at rest, using a multichannel acquisition processor (MAP) system (Plexon Inc., Dallas, TX). Detailed descriptions of signal processing and examples of isolation of single units have been previously described [13, 14] . Briefly, 32 channels (16 channels in GPe and 16 channels in SNr; gain = 10,000-25,000; filter = 150 Hz-8.8 kHz; sampling rate = 40 kHz) were recorded simultaneously for 15 min: 5 min pre-stimulation, 5 min during DBS at one of six different frequencies, and 5 min post-stimulation. The order of DBS frequencies presented to each rat was randomized. Single units were sorted online based on waveform shapes, and the sorting was refined after each recording session using principal component analysis (Offline Sorter, Plexon Inc., Dallas, TX). The duration of the stimulation artifact for each recorded unit, ranging from 0.5-2 ms, was identified from post-stimulus time histograms (PSTHs), which showed a period of no activity following each stimulus pulse. A blanking mask was applied to pre-stimulation and post-stimulation periods to avoid any bias due to data lost to blanking during the stimulation period by artificially constructing stimulation timestamps corresponding to DBS frequency during the stimulation period and removing spikes coinciding with the blanking mask.
Spike times of sorted single units were exported and analyzed using MATLAB. The firing rate of each neuron was quantified across time (0.5 s time windows). Spectral analysis of spike times [16] was used to quantify changes in the oscillatory neuronal activity across time (0.5 s time windows; time-bandwidth product = 3; no. of tapers = 5; Chronux version 2.00). During DBS, neuronal spiking was often driven by the stimulus pulses and spike times oscillated at the stimulation frequency ( Fig. 2A ). We were interested in how neural oscillations at the stimulation frequency changed during both transient and steady state periods of stimulation. Oscillatory power in specific frequency bands of interest (stimulation frequency ±1 Hz, e.g. 129-131 Hz for 130 Hz DBS) was calculated by taking the average power within these bands. Band sizes of 4 Hz (128-132 Hz) or 8 Hz (126-134 Hz) resulted in similar trends in the results to the 2 Hz band.
We quantified oscillatory power at the stimulation frequency during both the transient and steady-state periods of DBS to classify neuronal responses. Neurons were classified as having a transient response if there was a significant increase or decrease (one-way ANOVA, p < 0.05) in oscillatory power during the first 15 s of 130 Hz DBS compared to both DBS off and steady-state DBS. Steady-state effects were measured as neuronal responses after the initial transient period, and neurons were classified as having a steady-state response if the oscillatory power between 15 s and 60 s after the start of 130 Hz DBS was significantly different compared to DBS off. The same subsets of neurons were then analyzed for changes in oscillatory power and firing rate during transient and steady state stimulation at different frequencies.
Histology to evaluate dopaminergic cell loss and electrode positions
The methods used to evaluate dopaminergic cell loss and electrode positions were as previously described . Rats were deeply anesthetized with pentobarbital (100 mg/kg, i.p.), and intracardiac perfusion was conducted with 10% formalin. The brain was postfixed overnight in 10% formalin and sectioned coronally at 50 m. Tyrosine hydroxylase (TH) immunohistochemistry was used to evaluate the extent of degeneration of dopaminergic neurons [24, 13, 14] . The percentage of dopaminergic cell loss was determined by counting TH stained SNc cells on both the lesioned and non-lesioned sides under a light microscope. Cytochrome oxidase staining was used to identify the STN, GPe and SNr, and to locate stimulating and recording electrode tracks [24, 13, 14] .
Statistical analysis
Statistical differences between conditions were determined using one-way repeated measures analysis of variance (ANOVA). After a significant factor was found, Fisher's protected least significance difference (PLSD) test was used for post-hoc pairwise comparisons. Pearson's chi-squared test was used to compare changes in proportions of neurons with increased, decreased or no change in power during transient and steady-state DBS. Finally, correlation between changes in power and firing rates were quantified using Pearson's linear correlation coefficient, and significance was tested using a Student's t distribution for a transform of the correlation. Results were considered significant at p < 0.05.
Results
All 11 rats had greater than 90% loss of dopaminergic cells in the SNc of the lesioned hemisphere. In all rats, at least one of the pair of STN electrodes used for bipolar stimulation was within the STN. We obtained single unit recordings from a total of 62 GPe neurons (7 out of 11 rats) and 51 SNr neurons (7 out of 11 rats).
Transient and steady-state effects of DBS on behavior were frequency-dependent
The angular velocity (AV) of methamphetamine-induced circling during ten different frequencies of STN DBS was quantified over time ( (Fig. 1B) . This transient effect was followed by a sustained (steady-state) reduction in AV (i.e., reduced ipsilateral circling), especially at frequencies of 130 Hz and above, demonstrating that high frequency DBS effectively suppressed pathological turning (Fig. 1C) . Although high frequency DBS reduced AV, the total distance traveled during stimulation was not significantly affected by DBS at any frequency of stimulation (oneway repeated measures ANOVA, p = 0.1379). This important control indicates that the reductions in AV during DBS were not the result of freezing or a reduction in overall movement, but rather reflect specific changes in circling behavior resulting from DBS. The effect of DBS frequency on the transient circling response (Fig. 1B) was comparable whether the transient time window was selected as 7 s, 10 s, or 15 s.
Transient and steady-state effects of DBS on neuronal firing were frequency-dependent
The responses of single units in GPe and SNr to 130 Hz DBS were used to characterize the transient and steady-state changes in oscillatory power and firing rate during DBS (Fig. 2) . Of the 62 GPe units recorded across 7 rats, 21 units (34%) exhibited a transient increase in oscillatory power, 9 units (15%) exhibited a transient decrease in oscillatory power, and the remaining units exhibited no transient change in oscillatory power at the onset of 130 Hz DBS (Fig. 2B) . In the steady state, 35 GPe units (56%) exhibited an increase in oscillatory power and 23 units (37%) exhibited a decrease in oscillatory power (Fig. 2B) . The proportion of neurons in the steady-state with increased, no change, and decreased oscillatory power was significantly different from the transient phase (Pearson's chi-squared test, p < 0.001). We further classified individual units according to whether or not their steady-state response differed from their transient response (Fig. 2A) . 15 GPe units (24%) had the same type of response (12 increased and 3 decreased in power), while 12 units (19%) had the opposite response to stimulation during the transient and steady-state periods. Comparable proportions of GPe neurons exhibited changes in oscillatory power (Fig. 2B) whether the transient time window was selected as 7 s, 10 s, or 15 s. These same subsets of neurons were used subsequently to analyze changes in oscillatory power and firing rate in the GPe at other stimulation frequencies (see below; Figs. 3 A, 4 A, B ) .
Of the 51 SNr units recorded across 7 rats, 16 units (31%) exhibited a transient increase in oscillatory power at the start of 130 Hz DBS, 11 units (22%) exhibited a transient decrease in oscillatory power, and the remaining units exhibited no transient change in oscillatory power (Fig. 2C ). In the steady state 35 SNr units (69%) exhibited an increase in oscillatory power and 15 units (29%) exhibited a decrease in oscillatory power at steady state (Fig. 2C) . The proportion of neurons in the steady-state with increased, no change, and decreased oscillatory power was significantly different from the transient phase (Pearson's chi-squared test, p < 0.001). 16 units (31%) had the same type of response (12 increased and 4 decreased in power), while 11 units (22%) had the opposite response to stimulation during the transient and steady-state periods ( Fig. 2A) . Comparable proportions of SNr neurons exhibited changes in oscillatory power (Fig. 2C) (Fig. 4B) . On the other hand, there was no consistent DBS frequency-dependent trend for transient decreases in power or firing rate in GPe neurons. The subpopulation of neurons showing increased power in the steady-state showed a greater increase in power during high frequency DBS, which paralleled an increase in firing rate. Neurons with a decrease in power in the steady-state also showed a decrease in firing rates only at stimulation frequencies of 130 Hz and above (Fig. 4B) . Across the whole population of GPe neurons, the changes in power during both the transient and steady-state phases of DBS were strongly correlated with changes in rate of firing (Fig. 5A, p < 0.001) .
The pattern for SNr neurons exhibiting transient increases in power was similar to that of GPe neurons (Figs. 3 B, 4 C) . However, there was no increase in firing rate with increasing stimulation frequency during the transient phase in this group of neurons (Fig. 4D) . Unlike in the GPe, there was a frequency-dependent effect in the subset of neurons with transient decreases in power, with only high frequencies of DBS above 75 Hz resulting in a significant decrease in both oscillatory power and firing rate during the transient period (Fig. 4C-D) . At steady-state, the effect of DBS on SNr neurons was similar to GPe neurons, except there was no increase in firing rate in the group of neurons showing steady-state increases in power. A prominent decrease in steady-state firing rate during high frequency DBS was observed in the subpopulation of SNr neurons with a decrease in steady-state oscillatory power (Fig. 4D) . Considering the entire population of SNr neurons, changes in power again showed a significant correlation with changes in firing rate during both the transient and steady-state phases of DBS (Fig. 5B , p < 0.001).
Discussion
We observed both transient and sustained behavioral and neuronal responses to STN DBS that were dependent on stimulation frequency. Only high frequency DBS (≥75 Hz) elicited a transient behavioral response, characterized by an immediate reversal of turning direction during methamphetamine-induced circling at the onset of stimulation. Further, high frequency DBS produced a sustained reduction in circling ipsilateral to the lesion, and during the steady-state phase of DBS, stimulation frequencies ≥130 Hz suppressed pathological turning more effectively than lower frequencies.
There were a number of differences between frequencydependent transient and steady-state neural responses. First, the proportion of neurons in both the GPe and SNr showing a transient change in oscillatory power during high frequency DBS was less than the proportion showing steady-state changes in oscillatory power. This difference indicates that not all neurons exhibited transient changes in oscillatory activity, and more neurons exhibited a response during the steady-state phase of DBS. Many neurons also reversed their response (either from an increase to decrease or a decrease to increase in oscillatory power) during the steady-state phase compared to the transient phase. Second, in subsets of neurons with transient increases or decreases in oscillatory power and firing rates during high frequency stimulation, the changes were not sustained, or were much less pronounced during the steadystate phase. Finally, subpopulations of neurons with steady-state changes in oscillatory power often did not show a significantly different or more pronounced effect during the transient phase. These results suggest that there was a subgroup of neurons that exhibited unique changes in firing patterns during the first several seconds after the onset of high frequency DBS. Following this initial transient response, many of these neurons changed their response to stimulation while another distinct group of neurons began to respond to stimulation. These changes in power were highly correlated with changes in firing rate during both the transient and steady-state phases, indicating that the changes in oscillatory power, or synchronization to the stimulus, described above were accompanied by similar increases or decreases in firing rates.
The trends in neural response were not identical in the GPe and the SNr. In the GPe, high frequency DBS elicited a pronounced increase in oscillatory power and firing rates, during both the transient and steady state phases. In the SNr, neurons experienced either transient increases or decreases in oscillatory power during high frequency DBS, but only the latter group had a significant decrease in transient firing rate. In the steady-state, the subpopulation of neurons with increases in oscillatory power did not experience an increase in firing rate, but others with slight decreases in oscillatory power showed a pronounced decrease in firing rate.
There was a clear correlation between stimulation frequencydependent changes in behavior and neuronal activity during both transient and steady-state phases of STN DBS. High frequency, but not low frequency, STN DBS elicited a transient behavioral change at the onset of stimulation, and the neuronal basis for this response was a brief change in activity within a subset of neurons in both the GPe and SNr. Many of the neurons in these basal ganglia nuclei exhibited a brief surge in oscillatory power during DBS onset, which means that for several seconds, these neurons were highly synchronized and driven by the stimulus. A transient increase in synchronous firing within the GPe and SNr at the onset of high frequency STN DBS could cause GABA release within the SNc, resulting in transient contralateral turning behavior. Both the GPe and SNr make inhibitory GABAergic projections to the SNc [23, 6] , and infusion of GABA agonists in the SNc evokes dopamine release in the ipsilateral striatum of rats, leading to contralateral turning toward the site of infusion [11, 9] . Within the SNr, a subset of neurons exhibited a transient decrease in power accompanied by a transient decrease in firing rate. These changes may be explained by the direct inhibitory connections from the GPe to the SNr. Transient increases in synchronized firing within the GPe may have suppressed firing temporarily in these SNr neurons. The mechanisms underlying the transient nature of activity changes in these subgroups of basal ganglia neurons in response to high frequency STN DBS is unclear, but these responses may reflect synaptic depletion caused by high frequency DBS [29] , transient changes in membrane excitability Raimondo et al., 2012, or some combination thereof. One shortcoming of this study is that neural recording was not per-formed following methamphetamine injections, and therefore the effect of methamphetamine on neural firing is not clear.
The steady-state frequency-dependent behavioral and neuronal responses observed here are congruent with results reported previously [24, 13, 14] , and match well with clinical observations of frequency-dependent alleviation of motor symptoms during STN DBS [21, 18, 4] . The suppression of pathological turning in rats during high frequency DBS was correlated with stimulation frequency-dependent sustained increase in neuronal oscillations at the stimulation frequency in both the GPe and SNr. The elevated oscillatory power at steady state during high frequency DBS indicates increased synchronization of neuronal firing to the stimulation pulses, and suggests that this continuous entrainment of neuronal firing to the stimulus pulses is responsible for persistent changes in behavior. Taken together, our results show that distinct mechanisms are responsible for transient and steady-state effects of STN DBS in hemiparkinsonian rats, and suggest that different neural mechanisms may contribute to the immediate and persistent effects of DBS.
